Specific data for CFM and adjusted HP are shown for 1982 for illustrative purposes, because 1982 was the last year of effective exposure for workers, assuming a 15-year lag with vital status follow-up through 1997. c Adjusted HP refers to diesel engine HP adjusted for the average percentage of time that the engine was used over a work shift (5).
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The Diesel Exhaust in Miners Study (DEMS) (United States, 1947 -1997 reported positive associations between diesel engine exhaust exposure, estimated as respirable elemental carbon (REC), and lung cancer mortality. This reanalysis of the DEMS cohort used an alternative estimate of REC exposure incorporating historical data on diesel equipment, engine horsepower, ventilation rates, and declines in particulate matter emissions per horsepower. Associations with cumulative REC and average REC intensity using the alternative REC estimate and other exposure estimates were generally attenuated compared with original DEMS REC estimates. Most findings were statistically nonsignificant; control for radon exposure substantially weakened associations with the original and alternative REC estimates. No association with original or alternative REC estimates was detected among miners who worked exclusively underground. Positive associations were detected among limestone workers, whereas no association with REC or radon was found among workers in the other 7 mines. The differences in results based on alternative exposure estimates, control for radon, and stratification by worker location or mine type highlight areas of uncertainty in the DEMS data. cohort studies; data sharing; diesel exhaust; lung cancer; mine workers; radon; vehicle emissions Abbreviations: ALT_REC, alternative estimate of exposure to respirable elemental carbon; CO, carbon monoxide; DEE, diesel engine exhaust; DEMS, Diesel Exhaust in Miners Study; REC, respirable elemental carbon; WLM, working level month.
The Diesel Exhaust in Miners Study (DEMS), conducted by scientists at the National Institute of Occupational Safety and Health and the National Cancer Institute, is a landmark research study of the association between diesel engine exhaust (DEE) and lung cancer mortality among 12,315 workers at 8 US nonmetal mines and related facilities, followed through 1997. In a retrospective cohort analysis (1) and a nested case-control study (2, 3) of these workers, a positive exposure-response trend between estimated exposure to respirable elemental carbon (REC), as an indicator of DEE exposure, and lung cancer mortality was observed for cumulative REC levels of <1,280 μg/m 3 -years.
A critical element of DEMS was the retrospective exposure assessment that generated estimates of individual-level exposure to REC as a proxy for DEE exposure (4) (5) (6) (7) (8) . Modeled historical trends in measured personal carbon monoxide (CO) concentrations from 1976 through 1997, along with annual mine-specific information on air ventilation rates and diesel equipment, were used to estimate past REC exposures in the original DEMS analyses. A detailed exposure survey conducted during 1998-2001, when DEMS investigators measured CO and REC levels in personal and area air samples from 7 of the 8 mines, was used as a basis for estimating annual mine-and job-specific REC exposures retrospectively from the year of introduction of dieselpowered equipment in each mine through 1997.
The methodological strengths of DEMS, the substantial scientific importance and public health impact of its results, and the availability of its data for restricted access by other researchers have prompted interest in further examining these data to elucidate the relationship between DEE and lung cancer risk. Our research group has published the results of a series of alternative analyses of the DEMS data (9) (10) (11) (12) . Briefly, in the first of these studies we identified uncertainty in the assumptions and data underlying the DEMS investigators' REC estimates, and we generated substantially different (sometimes higher, sometimes lower) REC estimates when other, well-justified assumptions were used (9) . We next replicated and used biologically based models to extend the original DEMS cohort analysis. We found that temporal aspects of exposure not considered in the original analysis influenced lung cancer mortality, that attained age modified the REC-lung cancer association, and that a significant exposure-response association was detected only in 1 of 4 mine types (limestone) and not among workers who worked exclusively underground (i.e., those who probably were the most highly exposed to DEE) (12) . Finally, by replicating and extending the original DEMS casecontrol analysis, we found generally attenuated exposureresponse slopes based on alternative REC exposure estimates; after additional control for confounding by radon, these slopes were flattened and statistically nonsignificant (10, 11) .
In this paper, we report a reanalysis of the DEMS cohort data using the alternative REC exposure estimates generated by Crump et al. (9) (10) (11) , along with control for exposure to radon, an established lung carcinogen (13) , following the Cox proportional hazards regression approach originally used by the DEMS investigators (1). This analysis augments our previous cohort analysis (12) by using control for radon and alternative REC exposure estimates, which were used previously only in the case-control analysis (9) (10) (11) . Due to restrictions on data access imposed after our original analyses, we were unable to use the biologically based modeling approach previously used (12) . Nevertheless, this study enables a rigorous evaluation of the influence of assumptions in REC exposure assessment and confounding by radon exposure on the observed association between REC and lung cancer mortality in the DEMS cohort.
METHODS
A description of the mining operations included in DEMS is provided in the supplemental material; Table 1 shows the unique characteristics of each of the mines.
DEMS cohort
The DEMS cohort has been described in detail by Attfield et al. (1) . Briefly, the cohort comprised 12,315 workers employed for at least 1 year at 8 US nonmetal mines and related facilities, including 1 limestone mine in Missouri, 3 potash mines in New Mexico, 1 salt (halite) mine in Ohio, and 3 trona mines in Wyoming. Demographic and work history information was obtained from personnel records at each facility, and follow-up for mortality was performed by linkage to the National Death Index and the Social Security Administration death files from the year of introduction of diesel-powered equipment in each facility until December 31, 1997. Among the 12,315 DEMS cohort members, 200 lung cancer deaths occurred during follow-up (Web Table 1 , available at https://academic.oup.com/aje).
We accessed the original DEMS cohort data sets at the National Center for Health Statistics Research Data Center in Hyattsville, Maryland. Geographic and date variables used were state, mine ID and type, and dates of birth, hire, first exposure, last exposure, and last observation; these variables were necessary to Table 1 . b derive attained age (the time scale for the proportional hazards regression analysis) and worker-specific time-varying exposure estimates. An alternative estimate of exposure to respirable elemental carbon (ALT_REC) and 6 other alternative exposure estimates (ALT1-ALT6), described below and in Crump et al. (9) (10) (11) , were merged with the DEMS work-history data set according to job, department, mine, and year. All analyses were approved by the appropriate institutional review boards.
REC exposure estimates
For our primary analysis, we used 2 estimates of REC exposure: the CO-based estimate used by the original DEMS investigators in their main cohort and case-control analyses (referred to hereafter as "DEMS_REC") (1, 2), and an alternative estimate of REC exposure developed by Crump et al. (10) that we believed a priori to be the best-justified estimate (referred to hereafter as "ALT_REC") ( Figure 1A -H). As described by Crump et al. (10) and in the supplemental material, ALT_REC was developed using detailed annual data on diesel engine horsepower and mine air-ventilation rates, without reliance on CO data, which have limited availability and suitability as a surrogate for REC. The approach underlying ALT_REC was favored by some members of the Health Effects Institute Diesel Epidemiology Panel, who described the CO-independent REC exposure assessment method as "particularly informative" and "reinforc[ing] the fact that diesel equipment utilization and ventilation are the drivers of REC concentration trends over time and between mines" (14, p. 54). We also conducted secondary analyses using 6 other alternative exposure estimates (ALT1-ALT6), previously developed and described in detail by Crump et al. (9, 11) .
Statistical approach
We used the same Cox proportional hazards regression approach used in the original DEMS cohort analysis (1) and in our replication and extension of those results (12) to estimate hazard ratios with 95% confidence intervals for the association between REC exposure and lung cancer mortality. All statistical tests were 2-sided. Monthly average REC intensity and cumulative REC estimates were derived for each cohort member using each of the 8 REC estimates (DEMS_REC, ALT_REC, and ALT1-ALT6). Lagged exposure on a given date was taken from the exposure during the same month in an earlier year. If no work record existed on the earlier date, then the lagged exposure was set to zero. The strongest associations in the original DEMS analyses used a 15-year exposure lag (1, 2); hence, for a worker who died on December 31, 1997 (the end of follow-up), the last day for exposure estimates would have been December 31, 1982. Attained age was used as the time scale. Deaths from lung cancer were recorded as events, while deaths from other causes and loss to follow-up were censored at the time of occurrence.
Regression models included covariates for year of birth, sex, race, and, for analyses of the full cohort, time-dependent location (surface or underground); baseline hazards were stratified by mine type. To evaluate confounding by radon, models were constructed with and without adjustment for radon exposure, for which accurate data became available after our prior reanalysis (12) . As in the original DEMS analyses (1, 2), radon exposure was expressed in continuous cumulative units of working level months (WLMs) summed across jobs.
Stratified analyses were conducted for workers who worked exclusively on the surface (surface-only workers), those who ever worked underground (ever-underground workers), and those who worked exclusively underground (underground-only workers). Based on Attfield et al. (1) , we implemented a 15-year lag and restricted some analyses to workers with cumulative DEMS_REC of <1,280 μg/m 3 -years and/or a minimum 5-year tenure. We conducted sensitivity analyses using models stratified by mine type and models including REC exposure duration and intensity, along with multiplicative age interactions to evaluate the validity of the proportional hazards assumption.
RESULTS
To ensure that we were working with the same data sets as the original DEMS investigators, we first confirmed that our findings matched those shown in Tables 1 and 2 (12) . Most associations of lung cancer mortality with ALT_REC were closer to the null than associations with DEMS_REC. The attenuated associations with ALT_REC were especially evident in analyses restricted to workers with cumulative DEMS_REC of <1,280 μg/m 3 -years.
Without control for radon, several statistically significant positive exposure-response associations with cumulative REC and average REC intensity based on both DEMS_REC and ALT_REC were observed among ever-underground workers, surface-only workers, and all workers combined, but not among underground-only workers (Tables 2 and 3 ). Control for radon yielded substantially weaker associations with cumulative and average intensity measures of both DEMS_REC and ALT_REC among ever-underground, underground-only, and all workers (Tables 2 and 3 ). Nearly all significant positive associations after control for radon were found only among ever-underground and all workers after restriction to DEMS_REC of <1,280 μg/m 3years. Positive confounding by radon was generally stronger in models using DEMS_REC than those using ALT_REC; in models using cumulative REC than those using average REC intensity; in analyses restricted to workers with cumulative DEMS_REC of <1,280 μg/m 3 -years than those based on the full exposure range; and in analyses of ever-underground and all workers than those of underground-only workers.
As shown in Table 4 , which replicates and extends results shown in Table SII of Moolgavkar et al. (12) , a positive association between log cumulative DEMS_REC or log cumulative ALT_REC and lung cancer mortality was driven by results in the limestone mine, and only in the absence of control for radon.
No association with log cumulative DEMS_REC or ALT_REC was detected in any other mine type, with or without control for radon, or in the 7 non-limestone mines combined. After adjustment for radon, no association was observed with log cumulative DEMS_REC or ALT_REC in any mine type, including limestone and all mines combined. Likelihood ratio tests indicated that models with distinct exposure-response parameters for the limestone mine described the data significantly better than models assuming identical parameters for all mines (P < 0.01 for DEMS_REC and ALT_REC, with and without radon). Table 5 shows the results of sensitivity analyses based on multivariate models that included both REC duration and log average REC intensity, as well as with interactions of these variables with age. We replicated our previous findings that DEMS_REC duration and intensity were independent predictors of lung cancer mortality among workers with cumulative DEMS_REC of <1,280 μg/m 3 -years, and that both of these covariates interacted with age (Table SIII of Moolgavkar et al. (12) ). When ALT_REC was used instead as the exposure metric, however, REC duration and its interaction with age were no longer associated with lung cancer mortality, while log average REC intensity was not associated but its interaction with age was. After additional control for radon, however, only the age interaction with log average DEMS_REC intensity remained; ALT_REC duration, average ALT_REC intensity, and the interactions of these variables with age were unassociated with lung cancer mortality.
An independent positive association between cumulative radon exposure and lung cancer mortality was found in all mine types combined and in the limestone mine, but not in any other mine type or in the 7 other types of mines combined (Table 4 ). Additionally, we found positive associations with radon among all workers, ever-underground workers, underground-only workers, and limestone workers with a 15-year lag, and among everunderground workers and limestone workers with no lag ( Table 6 ).
DISCUSSION
Several prominent themes emerge from the results of our reanalysis of the DEMS cohort: 1) reasonable alternative estimates of REC-particularly an estimate based on horsepower, air ventilation rates, and temporal trends in particulate matter emissions per horsepower, without reliance on assumptions about CO-yielded generally attenuated and nonsignificant, although generally still positive, associations between REC and lung cancer mortality; 2) control for radon resulted in often substantially attenuated associations; 3) associations among underground-only workers, who would have had the highest cumulative exposure to DEE, were the weakest among all worker subgroups, whereas positive associations were detected only in the limestone mine; and 4) restriction to cumulative DEMS_REC of <1,280 μg/m 3 -years remained crucial to detecting a positive exposure-response association with DEMS_REC.
The original DEMS investigators' assumptions about constant relationships between horsepower and CO and between CO and REC have been controversial (9, (14) (15) (16) (17) (18) . In a reanalysis of the DEMS case-control study data using ALT_REC, Crump et al. (10) also found that exposure-response trends were statistically nonsignificant and attenuated, especially after control for radon, in models that controlled for smoking and other risk factors for which information was unavailable in the full cohort.
Average radon exposure levels in the DEMS cohort were low; across all mine types in the complete cohort, the mean radon exposure intensity was 0.008 WL, with mine-specific averages ranging from 0.005 to 0.014 WL. Among ever-underground workers the mean radon exposure intensity was 0.011 WL, ranging from 0.008 to 0.017 WL (1). Our findings for radon in relation to lung cancer mortality are qualitatively consistent with the results of Attfield et al. (1) , who detected a significant positive association only in the limestone mine and not in the other mines. Among limestone workers, Attfield et al. (1) reported a strong positive association with radon in some models (e.g., hazard ratio = 6.2; P = 0.020 for exposures of 6.15-6.98 WLM among ever-underground workers with cumulative DEMS_REC of <1,280 μg/m 3 -years). Excluding workers aged ≥40 years who were employed before 1947 removed the radon association both within the limestone facility and in the overall cohort.
In an independent analysis of potential confounding by radon in the DEMS case-control study, the Health Effects Institute (14) reported that radon appeared to confound the relationship between cumulative and average DEMS_REC and lung cancer mortality, but that after adjustment for duration of exposure, the confounding influence of radon persisted only for unlagged cumulative DEMS_REC. After adjustment for radon and/ or duration, a positive association with lung cancer mortality was still detected for cumulative DEMS_REC lagged 15 years but not for average DEMS_REC intensity lagged 15 years. The Health Effects Institute (14, p. 127) concluded that it was "difficult to disentangle the effects of radon and diesel exhaust on lung cancer risk, as adjusting for duration of REC exposure may have an effect similar to that obtained by adjusting for cumulative radon."
Detailed results for associations with radon were not shown by Attfield et al. (1) . Among all and ever-underground workers, we found radon-associated hazard ratios ranging from 1.002 to 1.01 per WLM. These associations are weaker than those reported by Silverman et al. (2) based on the DEMS case-control study, which yielded odds ratios of 1.08 (95% confidence interval: 0.63, 1.84) for ≥1.9 and <3.0 WLM and 1.32 (95% confidence interval: 0.76, 2.29) for ≥3.0 WLM versus no exposure.
The restriction of positive associations with both REC (without radon adjustment) and radon to the limestone mine, and the unexpected lack of an association with REC among underground-only workers, are not readily explained in the context of a positive exposure-response association between REC and lung cancer mortality. The limestone mine had the lowest average DEMS_REC and third-lowest average radon levels among everunderground workers (1); however, it had the highest average ALT_REC levels (Figure 1A-H ) and the highest proportion of detectable radon levels (Table 1 and Web Appendix 1). The high frequency of detectable radon, poor natural ventilation, and unique ore transport system requiring high-horsepower diesel equipment in the limestone mine could have contributed to a confounding influence of radon (or an unmeasured variable correlated with radon) in that mine only. The higher average ALT_REC levels in the limestone mine, as well as longer exposure due to earlier dieselization, also could have contributed to the positive associations with REC in that mine only. Ultimately, collinearity between REC and radon, resulting in mutual confounding, makes it difficult to disentangle associations of each exposure with lung cancer mortality. Attfield et al. (1, p. 881) ascribed the radon association in the limestone mine to "chance or other unknown factors affecting early older workers at that one facility." Chance seems unlikely to explain the restriction of both the radon association and the REC association to a single mine, but it cannot be excluded. Given the generally low concentrations of radon, the apparent confounding by radon exposure is perhaps most plausibly explained by correlated risk factors that may or may not be related to REC exposure.
Likewise, the detection of the weakest findings among underground-only workers does not comport with a straightforward positive exposure-response relationship between REC and lung cancer mortality. A related paradoxical finding is the 1,000-fold larger hazard ratios for cumulative DEMS_REC and the 100-fold larger hazard ratios for average DEMS_REC intensity among surface-only workers compared with everunderground workers, despite substantially higher REC exposure levels in underground workers. Neophytou et al. (19) analyzed ever-underground worker data and concluded that healthy-worker survivor bias appeared to affect results in the DEMS cohort, because employment status and REC were associated. Although ultimately no clear explanations may be identified, these results contribute additional uncertainty to the results of several analyses of the DEMS data.
Finally, as in the original analysis (1) and our prior reanalysis of the DEMS cohort (Web Figure 1) (12) , we found that restriction of analyses to cumulative DEMS_REC of <1,280 μg/m 3years was critical to finding statistically significant positive associations between DEMS_REC and lung cancer mortality. After adjustment for radon, the only significant associations with continuous cumulative DEMS_REC or average DEMS_REC intensity were detected after restriction to cumulative DEMS_REC of <1,280 μg/m 3 -years. No significant associations were detected with ALT_REC or ALT1-ALT6 among workers with cumulative DEMS_REC of <1,280 μg/m 3 -years after adjustment for radon. Workers with cumulative DEMS_REC of ≥1,280 μg/m 3 -years should have been the oldest and most highly exposed workers in the cohort, and accordingly should have been at the highest risk of lung cancer, assuming a causal relationship. Thus, the observation of positive associations only after exclusion of these workers is not congruent with a monotonic exposure-response effect of DEE, and the importance of this seemingly arbitrary cutoff is another source of uncertainty.
In our prior reanalysis (12), we found a key influence of temporal factors including duration of exposure (confirmed by the Health Effects Institute (14) in their radon analysis, as mentioned above) and timing of exposure initiation and cessation, as well as effect modification by age. In the present study, using Cox proportional hazards regression, we found that adjustment for radon reduced the influence of exposure duration and age interactions, although age continued to interact with average DEMS_REC intensity. We also found that use of ALT_REC instead of DEMS_REC diminished the roles of exposure duration and an age interaction with exposure intensity. Additionally, radon adjustment of ALT_REC models resulted in attenuated and statistically nonsignificant associations with either exposure duration or age interactions. Nevertheless, due to the focus on estimating hazard ratios and reliance on the assumption of timeinvariant hazard ratios, proportional hazards regression lacks flexibility for examining the influence of temporal factors on risk. Thus, direct estimation of hazard functions, as can be conducted using biologically based multistage models of carcinogenesis as in our previous reanalysis of the DEMS cohort (12) , would be more informative regarding the impact of timerelated exposure factors on lung cancer mortality. This and other reanalyses of the DEMS data (10-12, 14, 19) underscore the importance of making scientific data available to multiple investigators for independent analyses. Each group of investigators brings its own unique perspective to these analyses. Subjecting scientific data to multiple rigorous investigations can aid in realizing the potential of valuable data sets such as DEMS. We thank the original investigators (led by Dr. Michael Attfield, Dr. Debra Silverman, and Dr. Patricia Stewart) at the National Institute of Occupational Safety and Health and the National Cancer Institute who designed and conducted the Diesel Exhaust in Miners Study project and, thus, developed the data that we analyzed. Moreover, we thank the management and workers associated with the 8 mines studied: The detailed records on mining operations and worker employment are indeed remarkable. We also
